[1] Using magnetic field and plasma electron data from ∼40 Cassini orbits that crossed Saturn's magnetopause during 2004-2007, we make a first systematic study of the magnetopause oscillations that are related to the oscillations in the magnetic field and plasma inside the magnetosphere near the ∼11 h planetary rotation period, here termed the magnetospheric period. Because the motion of the spacecraft through the boundary region, combined with other boundary effects, produces a broad spread in timings between successive like crossings of the boundary, boundary oscillation events were selected for analysis using a broad timing window, 0.4-1.6 of the magnetospheric period. We find these events to be highly organized by the phase of the interior field oscillations, showing that they relate to boundary oscillations that have a closely common period. We find that ∼60% of passes through the boundary region show one or more such oscillations. Of those that do, ∼65% show one oscillation, ∼10% show two, and ∼25% show three or more. The oscillations are observed at all local times at which Cassini crossed the boundary and over a range of latitudes and are thus a global phenomenon. The phasing of the boundary oscillations is such that the rotating quasi-uniform equatorial field within the quasi-dipolar "core" magnetosphere (within ∼15 Saturn radii (R S ) of the planet) points approximately away from the maximum outward boundary displacement. However, the boundary oscillation phase is found to depend somewhat on radial distance to the boundary, consistent with outward radial propagation in the magnetosphere at phase speeds of ∼250 km s −1 . Taking account of the radial propagation, analysis shows that the phase of maximum outward boundary displacement is directly related to the phase of the density maximum in the Enceladus torus. The oscillation amplitude is estimated typically to be ∼1.2 R S but sometimes reaches ∼2-3 R S and is occasionally as great as ∼4-5 R S .
Introduction
[2] Saturn's internally generated magnetic field is found to be remarkably symmetric about the planet's spin axis, the dipole axis being tilted by less than ∼0.5°[e.g., Connerney et al., 1982; Davis and Smith, 1990; Dougherty et al., 2005; Giampieri et al., 2006] . Despite this, oscillations in the magnetic field, plasma particles, and radio emissions at a period close to the planetary rotation period (∼10.8 h) have been found to be ubiquitous within Saturn's magnetosphere. The first of these phenomena, observed by the Voyager spacecraft, was the intensity modulation of Saturn kilometric radiation (SKR) [Kaiser et al., 1980; Warwick et al., 1981; Desch and Kaiser, 1981; Lecacheux and Genova, 1983; Galopeau et al., 1995; Zarka, 1998 ]. These nonthermal radio emissions are believed to be generated by precipitating auroral electrons principally in the high-latitude prenoon sector through the cyclotron maser instability. The modulation is "strobelike" in that the temporal variations in emitted power are independent of the position of the observer. The period was initially taken to define the rotation period of the planet's interior, for example, through emission modulation by a rotating magnetic anomaly (undetected directly), but subsequent analysis of Ulysses and Cassini data has shown that the SKR period varies by ∼1% on few-year time scales [Galopeau and Lecacheux, 2000; Gurnett et al., 2005; Kurth et al., 2007 Kurth et al., , 2008 , this being much too large a variation to be associated directly with the planet. Here we therefore refer to this slowly varying period as the magnetospheric period.
[3] The Pioneer 11 and Voyager flybys also provided initial evidence for related oscillations in magnetospheric particle and field data. Carbary and Krimigis [1982] reported periodic variations in Voyager energetic ion and electron spectra, which they linked to the SKR modulations, while Dougherty [2000, 2001] and Espinosa et al. [2003a Espinosa et al. [ , 2003b identified magnetic oscillations in both Pioneer 11 and Voyager data and showed via their polarization that the perturbations were not due to a rotating tilted planetary dipole. More recently, these results have been expanded upon using data from the Cassini orbiter [e.g., Krimigis et al., 2005; Krupp et al., 2005; Giampieri et al., 2006; Carbary et al., 2007a Carbary et al., , 2007b Carbary et al., , 2008a Burch et al., 2009] .
[4] Cassini observations have shown that in contrast to the strobelike SKR modulation, particle and field oscillations rotate around the planet and also propagate radially away from it, leading to oscillation "phase fronts" that spiral slowly outward from the planet [Cowley et al., 2006; Gurnett et al., 2007; Carbary et al., 2007c; Andrews et al., 2008 Andrews et al., , 2010 . The synodic period of the field oscillations is closely similar to that of the SKR modulations over severalyear intervals, with modest relative phase drifts that lie within the envelope of scatter of the SKR phase determinations [Andrews et al., 2008; Provan et al., 2009a] . In the inner quasi-dipolar magnetosphere that we refer to here as the "core" region, on magnetic shells with equatorial radial distances less than ∼15 times Saturn's radius (R S , equal to 60,268 km), the oscillatory perturbation field takes the form of a quasi-uniform field of a few nanoteslas amplitude lying in the equatorial plane (perpendicular to the equatorial planetary field) that rotates in the same sense as the planet [Espinosa et al., 2003a [Espinosa et al., , 2003b Southwood and Kivelson, 2007; Andrews et al., 2010] . The SKR power is found to peak when this field points radially outward in the postmidnight sector, at a local time (LT) of ∼0200 h [Andrews et al., 2008; Provan et al., 2009a] . This field perturbs the background planetary field, tilting the magnetic equator toward the direction in which the transverse field points, leading to the oscillatory tilting of the equatorial ring current/plasma sheet reported by Carbary et al. [2008b] , which thus tilts maximally away from the Sun at SKR maxima. Oscillations of comparable amplitude in the colatitudinal component of the magnetic field (along the direction of the equatorial planetary field) are also found to be present within the core that are in phase with the radial component of the transverse field [Andrews et al., 2008; Provan et al., 2009a] . Provan et al. [2009a] and Khurana et al. [2009] related these field variations to rotating modulations of Saturn's ring current plasma.
[5] Southwood and Kivelson [2007] suggested that the quasi-uniform transverse field observed in the core region is produced by a rotating nonaxisymmetric system of fieldaligned currents flowing between the northern and southern ionospheres on magnetic shells with L ∼ 15, possibly driven by seasonal differences in conductivity between the two hemispheres. Outside the region carrying the current, the magnetic perturbations will then mimic the field of a rotating transverse dipole pointing in the direction of the inner transverse field, the dipole moment concerned being that of the field-aligned current loops. Similarly, Provan et al. [2009a] suggested that the overall current system associated with both the longitudinal and the transverse field oscillations is that of a rotating asymmetric ring current and its field-aligned closure currents mapping to the ionosphere. Given north-south symmetry, such a current system has no net dipole moment and will not produce a quasi-uniform transverse field in the equatorial magnetosphere. However, seasonal hemispheric differences in the field-aligned currents produce effects that are exactly equivalent to the Southwood and Kivelson [2007] current system, including a rotating quasi-uniform field inside the current system and a net "dipole" moment whose field effects will dominate at large distances. Indeed, oscillating field and plasma phenomena have been observed by Cassini in the nightside tail to distances of ∼60 R S [e.g., Carbary et al., 2007d; Burch et al., 2008; Khurana et al., 2009] , including oscillations of the plasma sheet, that are similar in form to those produced by a tilted dipole. Hubble Space Telescope imaging of Saturn's southern auroral oval, which maps magnetically to the outer region of the magnetosphere Talboys et al., 2009] , has also shown that it oscillates in position at the magnetospheric period with an amplitude of ∼1°of colatitude [Nichols et al., 2008] . The sense of the oscillation has been established to be consistent with expectations based on the rotating current system described above [Provan et al., 2009b] .
[6] In the outermost regions of the magnetosphere, periodic modulation is also seen in the position of the magnetopause. Espinosa and Dougherty [2001] and Espinosa et al. [2003a] presented the first evidence for such oscillations from Pioneer 11 field data. During the outbound portion of the flyby the magnetopause was found to be modulated in phase with the radial component of the perturbation magnetic field. Subsequently, Clarke et al. [2006] used magnetic and plasma data from two Cassini orbits to exemplify their discovery that the magnetopause moves in and out in response to periodic variations in the total (i.e., magnetic plus plasma) magnetospheric pressure. They estimated the oscillation has a peak-to-trough amplitude of ∼2 R S in the subsolar region, corresponding to a significant, ∼10%, change in the boundary radius. Of course, the boundary position will also respond on various time scales to a range of other phenomena such as variations in solar wind dynamic pressure [Slavin et al., 1983; Arridge et al., 2006] , surface waves associated with the Kelvin-Helmholtz instability [Lepping et al., 1981; Masters et al., 2009] , and magnetic reconnection [McAndrews et al., 2008] , all of which have previously been extensively studied at Earth (see, e.g., the reviews by De Keyser et al. [2005] and Phan et al. [2005] ), as well as, possibly, to variable mass loading of Saturn's magnetodisc . Here, however, we attempt to isolate and study the oscillations near the planetary period observed by Cassini over the interval from orbit insertion in July 2004 to the end of 2007 and to consider their relation to the magnetospheric period phenomena discussed above.
Theoretical Discussion
[7] The principal purpose of this paper is thus to examine the oscillations of Saturn's magnetopause near the magnetospheric period through a study of the occurrence and timing of multiple boundary encounters during passes of the Cassini spacecraft. It is first instructive, however, to consider expectations based on a simple theoretical formulation, showing, for example, how the number and timing of observed oscillations depend on the motion through the boundary region. In this section we briefly report the results of this study, with more detailed discussion being provided in Appendix A.
Mathematical Formulation
[8] We consider a planar boundary parallel to the x-y plane that is executing simple harmonic motion in the z direction about z = 0 with amplitude z B0 and period t B . With regard to the applicability of this simple model to the present problem we note that on the few-R S spatial scales of magnetopause oscillation estimated by Clarke et al. [2006] , Figure 1 . Plots of normalized displacement z′ versus normalized time t′ for a spacecraft crossing a planar boundary that is in simple harmonic motion. The sinusoid indicates the boundary motion, while the inclined dashed straight lines correspond to spacecraft trajectories. Time t′ is normalized to the period of the boundary oscillation, displacement z′ is normalized to 2pz B0 , where z B0 is the amplitude of the oscillation, and v′ S is the spacecraft's velocity normal to the boundary, normalized to the velocity amplitude of the boundary. In each part of Figure 1 , a set of spacecraft trajectories for fixed v′ S is shown, with the value of v′ S declining from Figure 1a to Figure 1d as indicated. The red and blue dashed lines indicate trajectories that form tangents to the boundary sinusoid and delimit spacecraft passes that cross the boundary a differing numbers of times for given v′ S .
neither the curvature of the undisturbed magnetopause nor the variation of oscillation phase with LT around the boundary (as, in effect, an m = 1 wave, where m is the azimuthal wave number) is likely to be a major effect. The position and velocity of the model boundary can thus be expressed as
and
respectively, where the velocity amplitude of the boundary is
We assume that the spacecraft is moving normal to the layer with a constant relative speed v S , which in general will be due to the combined effect of the motion of the spacecraft and the mean motion of the magnetopause due, for example, to solar wind effects. On the above planar boundary assumption, the transverse motion of the spacecraft can be ignored. Its position can thus be expressed as
where the arbitrary position z S0 at t = 0 determines the arbitrary phasing of the spacecraft pass relative to the boundary oscillation. In what follows we will consider only "outbound" passes with v S > 0, but the extension to "inbound" passes with v S < 0 is trivial.
[9] It is useful to normalize the above equations, with velocities being normalized to the velocity amplitude of the boundary, v B0 , and times being normalized to the oscillation period, t B , such that distances are normalized to 2pz B0 . Denoting normalized quantities by primes, the motions of the boundary and the spacecraft are thus represented by
In normalized units the boundary motion is thus a fixed oscillation, with all the information concerning the relative speed through the layer and the relative phasing being contained in equation (4) describing the spacecraft motion.
Number of Observed Oscillations
[10] We first discuss how the number of oscillations N observed on a given pass depends on the relative speed v′ S and the phasing determined by z′ S0 . Here an "observed oscillation" means for example, a "reentry" into the magnetosphere on an outbound pass due to the motion of the magnetopause, such that a pass with N observed oscillations corresponds to a total of (2N + 1) boundary crossings. It is first evident that no oscillations will be observed if v′ S ≥ 1, that is, if the normal speed of the spacecraft equals or exceeds the maximum speed of the boundary, since once having crossed the boundary, the latter cannot then overtake the spacecraft on that pass. However, oscillations may be observed for all v′ S < 1, evidently in increasing numbers as v′ S declines toward zero. This is illustrated in Figure 1 , where sets of spacecraft trajectories with fixed v′ S are shown by the dashed straight lines, z′ versus t′, together with the sinusoidal boundary motion given by equation (3), with the value of v′ S declining from the top to the bottom. Figure 1 is discussed in detail in Appendix A, with overall results that can be summarized as follows.
[11] First, it is found that a set of critical velocities occurs, written here as v N ′ , for which exactly N oscillations are observed independent of the phasing of the pass. The values of v N ′ are given by the condition (equation (A2))
where the angle of the inverse cosine function is that specifically between 0 and p/2 for v N ′ positive. Equation (5) is readily solved numerically for v N ′ , giving the values shown in Table 1 for N = 0 to 8. We note that v 0 ′ = 1, since only passes of type N = 0 (with one boundary crossing) are observed when the speed of the spacecraft and the maximum speed of the boundary are equal, and that v N ′ decreases toward zero as N increases. A close approximation to v N ′ for large N is given by v N ′ ≈ 1/[p(N + 1/2)] (equation (A3)), which is also given in Table 1 . The situations for v′ S equal to v 1 ′ ≈ 0.2172 and v 2 ′ ≈ 0.1284 are those depicted in Figures 1b  and 1d , from which it is evident that just one oscillation (with three boundary crossings) is observed on all passes in the former case, while two oscillations (with five boundary crossings) are observed on all passes in the latter.
[12] Second, at velocities v′ S lying between v N+1 ′ and v N ′ , passes with both N + 1 and N oscillations (but no other numbers) can occur depending on the relative phasing, with the probability of observing N + 1 oscillations decreasing from unity to zero as v′ S increases from v N+1 ′ to v N ′ , while the probability of observing N oscillations correspondingly increases from zero to unity. For example, Figure 1a shows the situation for v′ S = 0.4, lying between the critical velocities v 1 ′ ≈ 0.2172 and v 0 ′ = 1. In this case passes with both N = 0 and N = 1 oscillations can occur, the N = 1 passes lying in the "temporal corridor" between trajectories B and D shown by the red dashed lines that are tangent to the boundary oscillation curve at the points labeled as T and T′ respectively. Passes occurring between trajectories A and B, (a) Figure 2 . (a) The probability P of observing N boundary oscillations plotted versus the normalized velocity of the spacecraft v′ S . The sequence of blue curves shows the probabilities for N = 0, 2, and 4, while the sequence of red curves shows the probabilities for N = 1, 3, and 5. Dots at the top and bottom of the plot indicate critical velocities v N ′ at which only N oscillations (and no other number) can be observed. (b) Normalized time t C ′ between successive crossings from below to above the boundary shown in Figure 1 , approximating the true boundary oscillation period to which t C ′ is normalized, plotted versus v′ S . The red line shows t C ′ for the middle oscillation for odd numbers of oscillations (N = 1, 3, 5, …), thus corresponding to the red lines in Figure 2a , while the blue line shows t C ′ for the middle two oscillations for even numbers of oscillations (N = 2, 4, 6,…), thus corresponding to the blue lines in Figure 2a . In all cases the value of t C ′ shown is the representative value corresponding to the center of the corridor of spacecraft trajectories of given N for given v′ S (e.g., the trajectories marked A′, C, C′, or E′ in Figure 1 ). Dots mark the critical velocities v N ′ , as in Figure 2a . (c) Plot of phase shift Dy versus v′ S , where Dy is the phase difference between the phase of the observed center time of a boundary oscillation and the phase at the true center time of the oscillation (where phase difference Dy is related to time difference Dt by Dy = 360 Dt/t B deg). The red line shows the phase shift for the center oscillation for odd numbers of oscillations (N = 1, 3, 5, …), while the blue lines show the phase shift for the two center oscillations for even numbers of oscillations (N = 2, 4, 6, …), where the solid line corresponds to the first of the two oscillations and the dashed line to the second. In all cases the value of Dy shown is the representative value corresponding to the center of the corridor of spacecraft trajectories of given N for given v′ S . Dots mark the critical velocities v N ′ as in Figure 2a . (d) Displacement of the spacecraft normal to the boundary between the first and last boundary crossings z L , normalized to the oscillation amplitude of the boundary z B0 , plotted versus v′ S . From right to left the sequence of red lines corresponds to N = 1, 3, 5, and 7, while the sequence of blue lines corresponds to N = 2, 4, 6, and 8, plotted in each case between the corresponding values of v N+1 ′ and v N−1 ′ . The dots mark the values of z L /z B0 at the critical velocities v N ′ at which the probability of observing a crossing with the given N is unity (see Figure 2a) . The values shown are again representative values corresponding to the center of the corridor of spacecraft trajectories of given N for given v′ S . or between D and E then correspond to N = 0. The relative probabilities of N = 0 and N = 1 passes are given by the relative widths of the corresponding temporal corridors, assuming that all phases are equally probable. Similarly, Figure 1c shows the situation for v′ S = 0.17, lying between v 2 ′ ≈ 0.1284 and v 1 ′ ≈ 0.2172. In this case both N = 1 and N = 2 passes can occur, the N = 2 passes lying in the corridor between trajectories B and D′ shown by the blue dashed lines that are tangent to the oscillation curve at T and T′, respectively. Passes between A′ and B and between D′ and E′ then correspond to N = 1. We note for future reference that each corridor of given N is centered on the trajectories that pass through z = 0 at the same time as the boundary, with the boundary moving in the same direction as the spacecraft for odd N (e.g., trajectory C in Figure 1a and trajectories A′ and E′ in Figure 1c , all for N = 1), and in the opposite direction to the spacecraft for even N (e.g., trajectories A and E in Figure 1a for N = 0 and trajectory C′ in Figure 1c for N = 2).
[13] Analysis detailed in the Appendix (equation (A4)) shows that at velocities v′ S between v N+1 ′ and v N ′ the probability of observing N + 1 oscillations is given by (where again the angle given by the inverse cosine function is taken to lie between 0 and p/2 for v′ S positive), with the corresponding probability of observing N oscillations then being given by P N = 1 − P N+1 . These probabilities are plotted versus v′ S in Figure 2a , where the dots indicate the critical velocities v N ′ , as marked at the top of the plot. The sequence of blue curves shows the probabilities for even N, for N = 0, 2, and 4 on moving from right to left in Figure 2a , which peak at unity at v 0 ′ , v 2 ′ , and v 4 ′ as shown. Similarly the sequence of red curves shows the probabilities for odd N, for N = 1, 3, and 5, which peak at unity at v 1 ′ , v 3 ′ , and v 5 ′ . In section 4.6 these results will be compared with observed statistics of numbers of boundary oscillations to estimate the typical boundary speed from the spacecraft speed normal to the boundary. [14] We now consider two related topics concerning the timing of boundary crossings. The first concerns the time between successive like crossings of the boundary (e.g., from inside to outside), through which we may expect to relate the observed oscillations to the other oscillatory magnetospheric phenomena discussed in section 1. Specifically, we focus here on the time between the first, third, fifth, and so on boundary crossings, if such there be. It can be seen from Figure 1 that due to the motion of the spacecraft through the boundary, these intervals are always less than the boundary oscillation period, a result that holds for both outbound and inbound passes. For example, if we examine trajectory C in Figure 1a , the interval between crossings a and c is clearly less than one oscillation period, as are the intervals between a and c, and c and e in Figure 1c . While it is evident that the exact value of these intervals depends on the detailed phasing of the pass, examination shows that representative values can be obtained by considering the trajectories at the center of each temporal corridor of given N. 
Timing of Boundary Crossings
This equation gives three roots for t′ corresponding to points a, b, and c in Figure 1a , namely t c , t b = 0, and t a = −t c , from which the time between the first and third boundary crossings is given by t C ′ = 2t c (compared with the true normalized boundary period of t B ′ = 1). The red line in Figure 2b shows the value of t C ′ versus v′ S , from which it can be seen that the value is ∼0.9 when v′ S = v 2 ′ but falls monotonically toward zero as v′ S increases toward 1. The intervals between such crossings can thus become much shorter than the true boundary period as v′ S approaches unity, although Figure 2a shows that the probability of observing such crossings is low. Roots corresponding to point c on trajectory C in Figure  1a can continue to be determined from equation (7) for speeds v′ S below v 2 ′ , then corresponding to the center oscillation only of all odd-N passes. For example, between v 4 ′ and v 2 ′ the red line in Figure 2b shows the interval between the third and fifth (of seven) boundary crossings at the center of the N = 3 corridor. These intervals then continue to provide representative values that approach t C ′ → 1 (i.e., the true boundary period) as v′ S → 0. The blue line in Figure 2b between v 3 ′ and v 1 ′ similarly shows t C ′ values at the center of the N = 2 corridor corresponding to the (equal) intervals between points a and c, and c and e, on trajectory C′ in Figure 1c . These are smaller than, but comparable to, those shown by the red line at the same v′ S values, ∼0.7 to ∼0.9, showing that when multiple oscillations are observed, the observed period is expected to be shorter than but reasonably close to the true period, unless other influences on the boundary position are simultaneously present (due, e.g., to solar wind variations). For speeds v′ S less than v 3 ′ , the blue line in Figure 2b then corresponds to the intervals associated Table 1 for future use in section 4.6.
[15] The second related topic concerns the determination of the oscillation phase from boundary crossing observations. If we consider Figure 1a , for example, it can be seen (in this case) that the reentry inside the boundary between points b and c on trajectory C, while spanning a boundary maximum, is not centered on the latter because of the spacecraft motion through the oscillation layer. In other words, the "center" of such a reentry, occurring at time t′ = t c /2, is not contemporaneous with the boundary maximum at t′ = 0.25, but occurs at an earlier time. This effect thus results in the center times of observed oscillations occurring earlier than boundary maxima on outbound passes, and correspondingly later than boundary maxima on inbound passes (as readily seen by reversing the direction of trajectory motion in Figure 1 ). At the center of the N = 1 band in Figure 1a , for example, the time difference is Dt′ = (0.25 − t c ′ /2), where t c ′ is obtained from equation (7), which may conveniently be expressed as a phase difference,
This phase difference is shown versus v′ S as the red line in Figure 2c , where again for v′ S ≤ v 2 ′ this corresponds to the center oscillation of all odd-N passes at the center of the corresponding corridor, as in Figure 2b . It can be seen that the phase shifts can become very large, approaching 90°, as v′ S approaches 1. However, as shown in Figure 2a , observations of such oscillations are of increasingly low probability. Observations of oscillations become reasonably probable only for v′ S ≤ 0.5, say, for which values the phase shifts are typically a few tens of degrees or less, with Dy → 0 as v′ S → 0. The two blue lines in Figure 2c between v 3 ′ and v 1 ′ then correspond to the phase shifts of the two N = 2 oscillations observed between these v′ S values, where the upper solid line corresponds to the first of these oscillations (e.g., the phase shift corresponding to points b and c in Figure 1c ) and the lower dashed line corresponds to the second (e.g., points d and e in Figure 1c ). Again, these phase shifts are modest in the region where such oscillations are reasonably probable (see the blue lines peaked at v 2 ′ in Figure 2a ). For v′ S ≤ v 3 ′ the blue lines then relate to the two center oscillations of all even-N passes at the centers of the corresponding corridors, as in Figure 2b , again showing how the phase shift falls toward zero as v′ S nears zero. These results will be discussed in section 4.5.
Width of the Oscillation Layer
[16] A simple approach to estimating the amplitude of the boundary oscillations is to examine the spacecraft displacement normal to the boundary between first and last contacts, as will be discussed in section 4.6. It is evident from Figure 1 that this displacement will always be less than twice the amplitude, considerably so under some circumstances, depending on the speed relative to the boundary and the detailed phasing of the crossing. Examination again shows, however, that results determined from the center trajectories within the temporal corridors of given N provide representative values, with results shown in Figure 2d . Here we show the displacement of the spacecraft normal to the boundary between first and last magnetopause encounters z L , representing an estimate of the width of the oscillation layer, normalized to the oscillation amplitude of the boundary z B0 , plotted versus v′ S . (We note that in the normalized units of section 2.1, z L /z B0 = 2pz L ′ since in these units the boundary oscillation amplitude is 1/2p, as in Figure 1 .) From right to left in Figure 2d the sequence of red lines corresponds to N = 1 plotted between v 2 ′ and v 0 ′ , N = 3 plotted between v 4 ′ and v 2 ′ , and so on, while the sequence of blue lines corresponds to N = 2 plotted between v 3 ′ and v 1 ′ , N = 4 plotted between v 5 ′ and v 3 ′ , and so on, up to the final red and blue lines corresponding to N = 7 and 8. It can be seen that a broad range of z L /z B0 values is possible, ranging, for example, from ∼1.1 to 2 for N = 2. However, according to the results shown in Figure 2a , the probability of observing a crossing of given N is generally strongly peaked at speed v N ′ , and these points are marked by dots on the appropriate curves. Focusing on these points of maximum probability, it can be seen that we expect z L /z B0 ∼ 1.1 for N = 1, increasing to ∼1.4 for N = 2 and to ∼1.8 for N = 8. These values are also recorded for future reference in Table 1 for use in section 4.6.
Data Set Employed
[17] In this section we outline the Cassini data set employed in the study, based on magnetic field and plasma electron data. Cassini's orbital tour began with the Saturn orbit insertion (SOI) pass in July 2004, followed by three orbits or revolutions (Revs) denoted A, B, and C. Subsequent orbits are numbered Revs 3, 4, 5, and so on, the Rev number changing at apoapsis. This study uses data from SOI up to the inbound pass of Rev 55 in late December 2007, the latter being the limit of the interval in which the phase of the core magnetic field oscillations has been determined by Provan et al. [2009a] , to which the boundary oscillations will be related. Most of the data (SOI-Rev 28 and Revs 46-55) are nearequatorial, with the spacecraft remaining within ∼20°of the planetary equator, except for a high-inclination interval (Revs 29-45) during late 2006 and the first half of 2007 in which the orbit plane was tilted significantly out of the equatorial plane. However, during middle to late 2006 (Revs 24-37) apoapsis was located on the nightside, so no magnetopause crossings were then observed. The orbits employed thus divide into two intervals, the first of which (SOI-Rev 23) involves crossings of the dawn to noon magnetopause at low latitudes, while the second (Revs 38-55) involves crossings of the noon to postnoon magnetopause, some of which are at latitudes significantly away from the equator.
[18] Boundary transitions are identified using 1 min averaged field data from the Cassini fluxgate magnetometer [Dougherty et al., 2004] , together with 1 min averaged electron data in the energy range 0.6 eV-26 keV from anode 5 of the electron spectrometer (ELS) sensor of the Cassini Plasma Spectrometer instrument [Young et al., 2004] . On crossing from the magnetosheath to the magnetosphere the magnetometer typically observes an increase in the field strength, generally accompanied by a change in direction to southward orientations and a reduction in variability, while the ELS instrument records a substantial reduction in the electron flux in the ∼10 to ∼100 eV energy range and an increase at ∼100 eV to ∼1 keV. Transitions are usually sharp, allowing crossings to be timed to the nearest minute or few minutes, uncertainties of this order being insignificant compared with the ∼11 h time scales of interest. When multiple crossings on time scales of less than ∼15 min were identified, the time at the midpoint was recorded. In addition, brief boundary crossings on similar or shorter time scales occurring within otherwise continuous magnetosphere or magnetosheath intervals were disregarded. Where ELS and magnetic data were both available, they were used in combination. If there was a gap in the magnetic data, the identification and timing of crossings was made from the ELS data alone, and vice versa. Significant simultaneous gaps in both records necessitated the exclusion of eight passes (four inbound, four outbound), as indicated in Table 2 to be introduced in section 4.3. Several other passes are affected to varying degrees by data gaps lasting from a few minutes to several hours but are not rendered wholly unusable. In all, timings and positions of magnetopause crossings were recorded for ∼40 Cassini orbits.
Analysis of Magnetopause Oscillations

Relation to the Magnetic Oscillation Phase in the Core Magnetosphere
[19] The data set so derived contains several examples of multiple magnetopause encounters on a given pass, such as those described by Clarke et al. [2006] . Examples in which there are several reentries separated by intervals of ∼11 h provide convincing evidence of such boundary oscillations. Much more frequently, however, only one or two such reentries are observed on a pass, these showing a broad spread in the boundary crossing interval that is no doubt due to the finite speed of the spacecraft through the oscillation layer (section 2.3) combined with the effects of other phenomena that cause boundary motions such as changes in solar wind dynamic pressure or surface waves (section 1). Such examples provide evidence that is rather less clear-cut. In this section we thus examine whether these reentries, defined within a relatively broad timing window about the magnetospheric period, are indeed related to large-scale oscillations of the boundary at this period by examining whether their phasing is related to the phase of the field oscillations observed within the magnetospheric core. Demonstration of a clear phase relationship implies that they are related oscillatory phenomena with a closely common synodic period.
[20] In conformity with observations, Provan et al. [2009a] express the oscillatory field in spherical polar components in the core (defined to be dipole L ≤ 12) by
where the core phase function Y Mc (', t) is given by
In equation (9b), F M (t) is the phase function of the magnetic field oscillations to be discussed below, while ' is azimuth measured from the noon meridian, positive in the sense of increasing LT. The r and field components are thus in phase with one another while being in leading quadrature with the ' field component, as outlined in section 1. Note that if B 0r = B 0' = B 0 , the oscillatory field lying in the equatorial plane, described by the r and ' field components, takes the form of a uniform unidirectional field of magnitude B 0 that at any instant of time points at an azimuthal angle relative to the solar direction given by c Two or more numbers are given when there is more than one separate episode of boundary oscillations observed on a given pass; NC indicates no contact with the boundary on the pass; DG indicates that data from the pass cannot be employed in the study due to one or more significant data gaps.
d Position data indicate values at the center of the magnetosphere interval in the case of one oscillation in a given episode; in the case of more than one oscillation in an episode, an average is given over the values at the centers of the individual magnetosphere intervals. Where no oscillations are observed during a pass, position data are given for the time of the single magnetopause crossing if only one took place and for the time halfway between the first and last crossings in the case of multiple crossings.
e The displacement of the spacecraft perpendicular to the magnetopause between the first and last crossings of each oscillation episode. Values are provided for all episodes from nongrazing passes.
f Computed using the Arridge et al. [2006] magnetopause model at the center of the magnetosphere interval in the case of single oscillation episodes; where there is more than one oscillation in an episode, an average is given over the velocities at the centers of the individual magnetosphere intervals. Where no oscillations are observed during a pass, the normal velocity is computed for the time of the single magnetopause crossing if only one took place and for the time halfway between the first and last crossings in the case of multiple crossings.
g A single representative value is inappropriate here since the range (as given) is so large.
where ' M is again measured anticlockwise from noon in the sense of increasing LT. The field direction then rotates in the sense of planetary rotation as F M (t) increases with time, for example, pointing toward the Sun at successive instants given by
where N is any integer and F M is expressed in degrees. These times then also correspond to times at which B maxima in the core region lie on the noon meridian.
[21] In the Provan et al. [2009a] model, valid over the interval from SOI to Rev 55 (July 2004 to December 2007 , the phase function F M (t) is expressed as a fifth-order polynomial in time t, determined from fits to filtered residual field data during successive periapsis passes of Cassini through the core, using the SKR phase of Kurth et al. [2008] as an exact guide phase. That is, the magnetic phase function is written as
, where F SKR (t) is the SKR phase function of Kurth et al. [2008] , expressed as a fifth-order polynomial in t, and relative phase y M (t) is expressed as a third-order polynomial in t. The resulting expression for
where t 0 = 0.4497 days and DF M (t) is given by the polynomial
where
In these expressions t is the epoch time in days since the start of 1 January 2004. The deviation of this phase from linear behavior in one oscillation is very small, such that the instantaneous rotation period of the field perturbation (the magnetospheric period) is well approximated by
where F M is again expressed in degrees. Over the interval studied here, the period increased near-monotonically from ∼10.77 h at SOI to ∼10.83 h at Rev 55.
[22] The procedure was then as follows. We first surveyed each pass through the boundary region for successive like crossings that might potentially be related to the internal field oscillations. We note from section 2.3 and Figure 2b that the intervals between these crossings should always be less than the true oscillation period of the boundary, but that those with very much shorter intervals should be relatively rare (see Figure 2a) . However, we also recognize that the motion of the boundary can be influenced by a range of other factors already mentioned in section 1, so we have set relatively broad limits for inclusion in the data set, choosing to include successive like crossings of the boundary that lie between 0.4 and 1.6 of the magnetospheric period given by equation (13). We then test the extent to which such crossings are organized by the "Provan phase" given by equation (9b).
[23] For each boundary oscillation satisfying this criterion, a total of 92 over the data set as a whole, we then determine the Provan phase Y Mc (', t) (modulo 360°) at the center of each magnetosphere reentry as a proxy for the phase of maximum outward excursion of the boundary. We recall from the discussion in section 2.3 that this center phase is in general shifted relative to the phase of the maximum boundary excursion due to the motion of the spacecraft through the boundary region, to smaller phases outbound and to larger phases inbound. However, the results in Figure 2c show that the shift is typically only a few tens of degrees in the regime where observations of oscillations are reasonably probable. We briefly examine in section 4.5 whether these anticipated phase shifts significantly affect the data set within the overall scatter of the data and find no measurable effect.
[24] In Figure 3 we show a histogram displaying the number of boundary oscillations in the data set versus the Provan phase (modulo 360°) at the center of the oscillation (specifically the center of the magnetosphere interval), divided into 30°bins of phase. Overall results are represented by the black line, showing that the magnetopause oscillation data is indeed highly organized by the Provan phase, with 88% of the oscillations occurring within the 180°phase range from 90°to 270°and only 12% from 270°to 90°via 360°. The mean phase value is 160°, marked by the vertical black arrow in the figure, while the half width at half maximum (HWHM) of the distribution is 75°. The red line then shows the corresponding histogram for all oscillations occurring in episodes of three or more successive oscillations on a given pass, that is, N ≥ 3 passes in the nomenclature of section 2 (a total of 47 oscillations). Here an episode is defined to be a sequence of crossings each with separations near the magnetospheric period, followed by a gap of at least one such period. The mean phase is 159°, and the HWHM of the distribution is 45°, these not differing significantly from the overall values. Similarly, the green line shows the histogram for cases of only one oscillation observed during the boundary crossing, that is, N = 1 passes (a total of 35 oscillations). The mean phase of 156°and HWHM of 75°are again almost the same as the overall values, thus indicating that the boundary oscillations selected by the above algorithm, despite the wide timing criterion employed, represent an essentially homogeneous set that is highly organized by the Provan phase, for both low and high numbers of boundary oscillations. More detailed examination shows that such organization of the oscillation phase data is present throughout the timing window between 0.4 and 1.6 of the magnetospheric period, though with the effect becoming somewhat less marked toward each end of the range.
[25] The results in Figure 3 show that the reentries selected within our timing window are well organized by the phase of the magnetic field oscillations within the core and must therefore relate to boundary oscillations with a closely common period. It is evident, for example, that phase variations between the two phenomena exceeding ±180°over the interval of the study would completely destroy the effect observed, whether resulting from short-term "phase jitter" (due, e.g., to the effect of other boundary phenomena) or to longer-term phase drifts due to differences in the oscillation periods. Simple consideration of the latter effect then shows that the period of the boundary oscillations must match that of the interior field oscillations to better than ∼20 s over the 3.5 year interval of the study in order to yield the above result. With a difference in the period of this magnitude (∼0.05% of the total period) or greater, the two oscillations would have varied between fully in phase to fully out of phase and back over the course of the interval, thus yielding a null result. The phase results in Figure 3 thus prove that the boundary oscillations must occur at essentially the same period as the interior field oscillations throughout the interval of the study, within the above narrowly defined limit.
[26] With regard to the mean phase values in Figure 3 , we note from equation (10) that they imply that at the times of maximum outward boundary excursions the rotating equatorial field in the core points at angle ' M ≈ 160°+ ' S anticlockwise from the Sun as viewed from the north, where ' S is the azimuth of the spacecraft. That is, the equatorial core field points ∼160°anticlockwise of the radial vector to the outwardly displaced boundary as viewed from the north, that is, approximately away from the boundary at these times. Since oscillations in the field component are approximately in phase with those in the r component within the core, we can also say that maximum outward boundary excursions occur ∼160°of phase behind maxima in the field component in the core at the azimuth of the spacecraft, or equivalently ∼20°of phase ahead of component minima. The relation of the boundary oscillations to the internal field oscillations will be examined further in section 4.5. Figure 3 . Also given in the plots in Figure 4 is spacecraft position information, specifically LT, colatitude (again with respect to the spin/magnetic axis), and radial distance from the planet's center.
Examples of Magnetopause Boundary Oscillations
[28] Figure 4a shows 4 days of data (days 280.75-284.75 of 2005) from Rev 16 inbound, which we present here as an example of an N = 2 pass. During this interval the spacecraft is located in the equatorial midmorning LT sector at radial distances ranging from ∼34 R S to ∼9 R S . The spacecraft passes from the solar wind, an environment characterized by magnetic field strengths of ∼0.5-1.0 nT and low electron fluxes at energies above ∼10 eV (the large fluxes below ∼10 eV in this case are largely spacecraft photoelectrons), into the magnetosheath, characterized by increased field strengths and a substantially higher electron flux at energies in the ∼10-100 eV range, at ∼0800 h UT on day 281. There follow multiple transitions between the two regimes. The first crossing of the magnetopause into the magnetosphere occurs at ∼1600 h UT on day 282, the transition being marked by an increase in the field strength, a change to a southward orientation (B positive), and a reduction in variability, and by a reduction in the electron flux in the ∼10-100 eV range and an increase at ∼100 eV to ∼1 keV. The occurrence of this magnetosphere interval and the one that follows it, the centers of which are marked by the vertical dashed lines, is indicative of magnetospheric period magnetopause oscillations. Note the consistency in the Provan phases shown by the stars, at 130°and 110°, respectively, values that contribute to the histogram peaks in Figure 3 . Note also the presence of subsidiary shortlived magnetosphere encounters that are not part of the oscillation sequence, which are presumably due either to solar wind variations or to other boundary motions associated, for example, with Kelvin-Helmholtz waves. The presence of such effects will inevitably alter the timings of boundary crossings more generally, thus no doubt contributing to the significant scatter in the phase values in Figure 3 .
[29] The second example in Figure 4b exhibits the largest number of magnetospheric period magnetopause oscillations observed in the data set examined. Figure 4b shows 12 days of data (days 133-144 of 2007) from the apoapsis interval of Revs 44/45, during which time the spacecraft is located within ∼25°of the equator in the postnoon to dusk LT sector and spans radial distances from ∼24 R S at the beginning of the interval to ∼37 R S at apoapsis and back to ∼24 R S at the end. The spacecraft thus passes from the magnetosphere to the solar wind and back to the magnetosphere again during the interval shown. Multiple magnetopause crossings near the magnetospheric period are observed both outbound and inbound as marked by the vertical dashed lines, with 10 outbound boundary oscillations satisfying our timing criterion and 4 inbound. The phasing of these oscillations shown by the stars in Figure 4b (bottom) is generally consistent with each other and with the peak in the histogram shown in Figure 3 , except for the last three oscillations outbound that are somewhat scattered, presumably due to short-term boundary motions as mentioned above. All of these oscillations are, however, included in the histogram.
[30] Figure 4c , by contrast, presents a more typical N = 1 example. It shows 4 days of data from the inbound pass of Rev 3, during which the spacecraft is located in the equatorial midmorning LT sector at radial distances ranging from ∼41 to ∼18 R S . The spacecraft passes from the solar wind across the magnetosheath into the magnetosphere, with one oscillation of the magnetopause being observed, with a center phase of 180°.
Occurrence of Magnetopause Oscillations in Cassini Boundary Data
[31] Overall results on boundary oscillations observed by Cassini are shown in Table 2 . The first two columns give the Rev number and pass type, inbound, outbound, or "grazing," spanning Revs SOI-Rev 23 and Revs 38-55 (the spacecraft being in the tail exclusively for Revs 24-37). A grazing pass indicates that there was no full passage from magnetosphere to magnetosheath or vice versa on that pass. In the third column we show the number of boundary oscillations N observed on each pass that satisfied the timing criterion. Occasionally on a given pass the spacecraft observed more than one episode of boundary oscillations, separated by at least one oscillation period, in which case they are recorded separately in this column. Passes which could not be used due to prolonged or cumulative data gaps are indicated by DG, while NC indicates passes during which there was no contact with the magnetopause. Columns four to six in the table record the position of the spacecraft at the center of the magnetopause oscillation interval on that pass (defined in table footnote d according to circumstance), giving the radial distance (R S ), the LT (h), and the kronocentric solar magnetospheric (KSM) latitude (deg), respectively. (KSM coordinates are defined in section 4.4.) Column seven shows the width of the oscillation layer, that is, the spacecraft's displacement normal to the magnetopause between the first and last crossings of each nongrazing oscillation episode, estimated using the normal to the Arridge et al. [2006] model boundary that passes through the center point given in the previous columns, details of which are discussed in section 4.6. Column eight of Table 2 finally shows the spacecraft velocity normal to the magnetopause, positive outward, also estimated from the Arridge et al. [2006] model.
[32] The distribution of the number of oscillations observed on each nongrazing pass is shown in the histogram in Figure 5 , taken from the third column of Table 2 . Here we plot the number of passes versus the number of observed oscillations on the pass, the latter for this purpose being summed over all oscillation episodes on the pass if there is more than one. The histogram shows that 43% (26 of 61) of all eligible passes exhibit no oscillations near the magnetospheric period, as identified here, 38% exhibit one oscillation, 7% exhibit two oscillations, and 12% exhibit three or more. Taken as a whole, these results show that such oscillations are common in the Cassini data set, with 57% of passes showing one or more oscillations, although large numbers of multiple Figure 5 . Histogram showing the number of passes versus the number of oscillations N observed on the pass. Grazing passes, during which there is no full passage from magnetosphere to magnetosheath or vice versa, are excluded. The number of oscillations is summed over all episodes on a pass if there is more than one episode. crossings are relatively rare. These results will be discussed further in section 4.6 in relation to the speed and amplitude of the boundary.
Spatial Coverage of Magnetopause Oscillation Observations
[33] In Figure 6 we show the overall spatial distribution of the intervals containing magnetopause oscillations. Here the These specifically show the whole of each 0°-360°rotation of Provan phase containing an observed oscillation, so that each episode containing more than one oscillation on a given pass is shown by a continuous red line. Figure 6d shows the spacecraft trajectory, model boundaries, and magnetopause oscillation intervals in cylindrical X-r coordinates, where r = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, where again the model boundaries are figures of revolution about the KSM X axis. gray short-dashed lines in Figures 6a-6c show the trajectory of the spacecraft for Revs SOI to 55 inbound, projected onto each of the three principal planes in KSM coordinates. The KSM system is the most appropriate for magnetopause studies, with the X axis pointing from the planet's center toward the Sun, approximately opposite to the solar wind flow direction, the X-Z plane containing the coaligned spin and magnetic axes of the planet, while Y completes the righthanded set. Figures 6a-6c thus show the trajectory projected onto the X-Y, X-Z, and Y-Z planes, respectively. In Figures 6a  and 6b we also show the magnetopause model of Arridge et al. [2006] (blue dashed lines) and the bow shock model of Masters et al. [2008] (green dashed lines), modeled as figures of revolution about the KSM X axis, in the equatorial and noon-midnight meridians, respectively. The outer and inner lines correspond to solar wind dynamic pressures of 0.01 and 0.1 nPa, respectively, spanning the usual range at Saturn. Intervals containing observations of magnetopause oscillations are shown by the red segments along the spacecraft trajectory. These specifically show the whole of each 0°-360°r otation of Provan phase containing an observed oscillation, so that each episode containing more than one oscillation on a given pass is shown by a continuous red line. It can be seen that oscillations are observed over the whole range of LTs spanned by the spacecraft trajectory when it intersected the magnetopause, extending from ∼0350 h LT in the predawn sector to ∼1700 h LT at dusk, and also over a range of (KSM) latitudes in the noon and postnoon sector extending from −36°in the south to 40°in the north. We thus conclude that boundary oscillations near the magnetospheric period are a spatially widespread phenomenon. They are also observed over a broad range of radial distances spanning the whole region between the two model magnetopause boundaries, thus suggesting that they are observed over the whole range of solar wind dynamic pressure conditions that determine the size of the magnetosphere. To see this free from the trajectory projection effects that are present in Figures 6a-6c , in Figure 6d we show the spacecraft trajectory, model boundaries, and magnetopause oscillation intervals in cylindrical X-r coordinates, where r = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, noting again that the model boundaries are figures of revolution about the KSM X axis. Figure 6d clearly shows that the boundary oscillation intervals span the whole region between the model magnetopause surfaces that correspond to the usual range of solar wind dynamic pressure.
Magnetopause Boundary Oscillation Phase
[34] We now continue the analysis of section 4.1, examining the phase of the boundary oscillations relative to those of the magnetic field oscillations within the magnetosphere. We begin by examining whether the Provan phase of the oscillation varies with position on the boundary. We note at the outset that due to the strong correlation between the radial distance and LT of the boundary encounters evident in Figure 6 , it is not possible to clearly separate individual dependences on these two spatial parameters. In Figures 7a  and 7b we thus plot the Provan phase of each oscillation (stars) versus radial distance and LT, respectively. Despite the large scatter in the phase values previously noted, the data provide evidence for the presence of positional variations, with the phase increasing with radial distance, and decreasing with LT from dawn to noon while increasing again between noon and dusk. These variations have been made a little more apparent in Figure 7 by the addition of open squares, which show the averaged phase and position in 10 R S bins of radius in Figure 7a (10-20 R S , 20-30 R S , and so on) and in 3 h bins of LT in Figure 7b (0300-0600 h, 0600-0900 h, and so on). The nonmonotonic behavior about noon compared with the near-monotonic behavior with radius suggests that the principal effect could be with radius, due to outward propagation of the corresponding magnetospheric oscillation with finite speed from the inner magnetosphere. On this basis we have made a linear least squares fit to the phase data versus radius in Figure 7a such that the oscillation Provan phase is represented by y′(r/R S ) + y 0 , where y′ is the phase slope, r is the radial distance, and y 0 is Figure 7a and in 3 h bins of LT (0300-0600 h, 0600-0900 h, and so on) in Figure 7b . The straight line in Figure 7a represents a least squares fit to the phase data versus radius with a phase slope of y′ = 2.1 ± 0.6 deg R S −1 and an intercept at zero radius of 89°. the intercept at zero radius, resulting in values of y′ = 2.1 ± 0.6 deg R S −1 and y 0 = 89°, as shown by the straight line in Figure 7a . We note, however, that the correlation coefficient is only 0.37, meaning that only 14% of the data variation is explained by this radial dependence. The outward propagation speed corresponding to the slope is given by
where (as above) R S = 60,268 km is Saturn's radius, t M is the oscillation period given by equation (13) in seconds, and y′ is the phase slope in deg R S −1 . Substituting t M = 10.8 h as a representative value (varying only between 10.77 and 10.83 h during the whole interval) and y′ = 2.1 deg R S −1 yields a value of 270 ± 80 km s −1 . Although detailed profiles of characteristic phase speeds in the near-equatorial plasma have yet to be published for Saturn's magnetosphere, we note that values of the Alfvén speed and sound speed suggested by the plasma bulk parameters presented by Wilson et al. [2008] and McAndrews et al. [2009] are of this order.
[35] The variation in phase of the equatorial magnetic field oscillations with radius and azimuth within Saturn's magnetosphere has recently been investigated by Andrews et al. [2010] . In their study the band-pass-filtered residual magnetic field data are binned in radius and LT and fitted to a function
where Y Mc (', t) is the core Provan phase given by equations (9b) and (12), thus determining for field component i the radial and LT variations of both the oscillation amplitude B i0 and the phase y* i relative to the core (compare equation (15) with equation (9a)). The most appropriate field component for study in the present context is the component, directed parallel to the planetary field in the equatorial plane and thus related to changes in magnetic pressure within the core region, which is also found to have a relatively simple phase behavior with radial distance. In the study presented by Andrews et al. [2010] the phases were determined to a radial distance of 30 R S , which we extend here as data availability (15) and (16)). The field data has been binned into 5 R S bins of radius and 3 h bins of LT with green, yellow, red, purple, and black data points corresponding to 0300-0600, 0600-0900, 0900-1200, 1200-1500, and 1500-1800 h LT, respectively. The straight line shows a least squares fit to these data with a slope of 2.63 ± 0.25 deg R S −1 and an intercept of −31.8°± 6.7°. (b) The phase given by equation (16) allows to 50 R S , thus covering most of the radial range encompassed by the magnetopause data (see Figure 7a) . We also consider the LT range from 0300 to 1800 h (see Figure 7b ). For the present study the field data have been binned into 5 R S bins of radius and 3 h bins of LT, with results shown in Figure 8a . Here we plot the phase y * versus radius, with green, yellow, red, purple, and black data points corresponding to 0300-0600, 0600-0900, 0900-1200, 1200-1500, and 1500-1800 h LT, respectively. It can be seen that y * generally increases with radius from near-zero values in the inner region, consistent with the Provan phase model given by equation (9), to ∼90°at ∼50 R S . There is little apparent systematic variation with LT over the range, within the scatter of the data. It thus seems reasonable simply to fit a least squares straight line to these data, so that over the above regime the phase of the field component oscillations is given by
where from the linear fit a = 2.63 ± 0.25 deg R S −1 and b = −31.8°± 6.7°. We note that this slope is close, within errors, to the slope of the linear fit to the magnetopause phase data in Figure 7a , and if again interpreted in terms of the effect of outward radial propagation via equation (14), yields a propagation speed of 210 ± 20 km s , consistent within errors with the radial speed deduced from the magnetopause phase data. Using equation (16), we can now determine the phase of the magnetopause oscillations relative to the field component at the radius of the boundary, in effect by subtracting the appropriate value of y *(r) from the Provan phase value shown in Figure 7a . The results are shown in Figure 8b in the same format as Figure 7a , from which we can see that the radial dependence evident in Figure 7a has now in essence been removed. A linear least squares fit gives a slope and intercept of −0.53°R S −1 and 121°, respectively, with a correlation coefficient of only 0.10.
[36] In Figure 8c we plot histograms of the number of boundary oscillations versus the " phase" given by equation (16) in the same format as Figure 3 , except now over the range from −90°to 270°on the horizontal axis. For the overall distribution shown by the black line, the mean phase is 103°(shown by the black vertical arrow in the figure) with a HWHM of 75°. We also see that 82 of the 92 phase values (89%) lie within the most "popular" 180°phase sector between 30°and 210°, so that the magnetopause oscillations may be regarded as being very well organized by the phase, that is, by the phase of the compressional field component at the radial distance of the magnetopause. The histograms corresponding to N = 1 and N ≥ 3 episodes, shown by the green and red lines in Figure 8c (as in Figure 3 ), respectively, exhibit essentially similar behavior. Recalling that the phases shown in Figures 3, 7 , and 8 correspond approximately to that of the maximum outward boundary excursion, the implication of the phase results in Figure 8c is that the maximum boundary excursions occur ∼100°later in phase than local maxima in B , or equivalently ∼80°earlier in phase than local minima in B , that is, approximately in lagging quadrature. This result will be discussed in section 5.
[37] As indicated in section 4.1, the phases shown here correspond to the midpoints of the magnetosphere intervals observed during boundary oscillations, employed as a proxy for the maximum outward boundary excursion. However, as discussed in section 2.3, the midpoints of such intervals do not correspond exactly to the maxima, due to the finite speed of the spacecraft relative to the oscillating boundary. As shown in Figure 2c , for a boundary undergoing simple harmonic oscillations, the phase shift for boundary crossings in which only a few (e.g., N ≈ 1-3) oscillations are observed, as is typical here, is ∼10°-20°to later phases for inbound passes, and to earlier phases for outbound passes. We have examined whether these shifts are discernible in our data set, contributing to the overall phase scatter seen in Figure 8 . For this purpose we have separated the oscillations observed on inbound and outbound passes and have determined the mean phase of each distribution. Grazing passes have been excluded. The mean value for inbound passes is 105°± 9°(the error being the standard error of the mean), while that for outbound passes is 101°± 10°, the difference being consistent with zero. The magnitude of this effect is evidently small compared with the overall scatter, such that we conclude that the systematic phase shifts expected due to this effect are only of minor significance in the overall analysis, particularly when inbound and outbound data sets are combined together.
Estimates of the Boundary Oscillation Amplitude
[38] Estimates of the amplitude of the boundary oscillation can be made using two complementary approaches. First, we can determine the width of the layer in which oscillations were observed by determining the displacement z L of the spacecraft normal to the boundary between the first and last crossings of each oscillation episode. Values of z L for all nongrazing episodes are provided in column seven of Table 2 . As indicated in section 2.4, this displacement is always less than twice the oscillation amplitude, but an approximate correction can be applied using the results shown in Figure 2d and Table 1 (fifth column). These provide representative values of the ratio of the observed layer width, z L , to the oscillation amplitude, z B0 , for differing numbers of observed oscillations N at the relative velocity between the boundary and spacecraft for which observations of that N are most probable. The ratio z L /z B0 shown in Figure 2d and Table 1 increases toward the value of 2 as N increases because the true width of the layer, toward which z L asymptotes as the relative speed becomes small and the number of oscillations N becomes large, is of course just twice the amplitude z B0 . Writing these representative values of z L /z B0 for given N as k A (N) for simplicity, we can thus estimate the oscillation amplitude for an episode of N oscillations as
where z L is the observed width of the layer between first and last crossings.
[39] Second, we pointed out in section 2.2 that the number of oscillations observed is also indicative of the spacecraft speed normal to the boundary relative to the boundary velocity amplitude. Thus, if we know the velocity of the spacecraft normal to the boundary |v Sn | (and know the oscillation period), we can estimate the velocity amplitude of the boundary v B0 and hence the displacement amplitude z B0 . In other words, if we suppose that an episode of N oscillations corresponds to a certain relative speed v′ S = v S /v B0 , then we can estimate v B0 ≈ |v Sn |/v′ S , and hence
Certainly for large N, for example, it would be reasonable to estimate v′ S ∼ v N ′ , the speed at which the probability of observing N oscillations is a maximum, as given in the second column of Table 1 .
[40] We thus have two independent methods of estimation, but it is easy to see that they should give comparable results from the fact that z L in equation (17) is equal to |v Sn | multiplied by the time the spacecraft remains in contact with the oscillating boundary. Representative values of the time between successive like crossings of the boundary t C for given N, normalized to the true boundary period t B , are shown in Figure 2b and in Table 1 (fourth column). Writing these representative values of the ratio t C /t B for given N as k B (N) for simplicity, we can then write the total time in contact with the boundary as approximately Nt C ≈ k B (N)Nt B , such that the observed width of the oscillation layer is approximately z L ≈ k B (N)Nt B |v Sn |. Then for the first estimation method we obtain from equation (17) 
while if we put v′ S ≈ v N ′ ≈ 1/pN in equation (18) for the second estimation method (see equation (A3) and the third column of Table 1 ), we have
If we take, for example, k A (N) ∼ 1.5 from Figure 2d (fifth column of Table 1 ) and k B (N) ∼ 0.9 from Figure 2b (fourth column of Table 1 ), then k B /k A ∼ 0.6, which is essentially the same as the equivalent value 1/2 in (19b). The two estimation methods should thus produce similar results, as expected.
[41] One point to note about the estimates of z B0 given by equations (17) and (18) is that we have assumed in their derivation that the mean speed of the boundary is negligible during the crossing, while v′ S in the theory in section 2 is the true normalized relative velocity that depends not only on the spacecraft speed but also on the mean boundary speed. If account is taken of a possible finite boundary velocity hv B i during an oscillation episode, where hv B i is taken to be positive in the direction of the spacecraft motion, then it is easy to show that the true oscillation amplitude z B0 * and the amplitude estimate based on assuming hv B i = 0 given by z B0 from equations (17) and (18) are related by
a formula that applies to both methods. Thus the amplitude estimated with the assumption hv B i = 0 will be larger than the true value if the boundary moves in the same direction as the spacecraft (but with lesser speed) and will be smaller than the true value if it moves in the opposite direction (and will be equal to the true value, of course, if hv B i = 0). Of course we have no simple way of determining the boundary motion in individual cases, but over an ensemble of cases, and for hv B i not too large compared with |v Sn |, the effect may be expected to approximately cancel out. It may also be noted that because the above factor applies equally to the two methods, mean boundary motion is not expected to Figure 9 . Histograms of the number of observed oscillation episodes versus the displacement z L of the spacecraft normal to the magnetopause between the first and last crossings of each episode for (a)-(c) N = 1, 2, and ≥3 oscillation episodes. The mean values of z L are indicated by the vertical arrows, and the number of episodes contributing to each histogram is given at top right. Note that episodes from grazing passes have been excluded. result in inconsistencies in the amplitude estimates derived from equations (17) and (18).
[42] For both these methods we then need to determine the normal to the magnetopause, for which purpose we employ the Arridge et al. [2006] model boundary, as used to determine the values of the normal speed given in Table 2 . This model should provide a good overall description of the boundary shape even in the presence of oscillations since the latter are expected to have very large spatial scales along the boundary as previously noted in section 2. We also note that the model was, of course, derived from essentially the same Cassini magnetopause observations as those examined here, although using a much restricted data interval from early in the mission.
[43] As mentioned in section 4.4, Arridge et al. [2006] assumed that the magnetopause is described by a surface of revolution about the KSM X axis such that, expressed in spherical polar (r, ) coordinates relative to this axis (e.g., Figure 6d ), the boundary is given by
where the subsolar radius of the surface at = 0, r 0 (D p ), is given by
where a 1 = 9.7 R S and a 2 = 1/4.3, and the exponent K(D p ) is given by
where a 3 = 0.77 and a 4 = −1.5. Here D p is the solar wind dynamic pressure in nPa, treated here simply as a quantity that parameterizes the boundary position and shape. The unit outward normal to the boundary in these coordinates can then be shown to be (see Appendix A3 of Arridge et al.
which can readily be converted into other coordinate systems such as KSM employed here. To determine the normal for a given boundary observation, we first iteratively determine D p from equation (21) such that the model boundary passes through the observation point and then find the Figure 10 . Histograms of the number of observed oscillation episodes (or in the case of N = 0, the number of passes) versus the spacecraft speed normal to the magnetopause boundary |v Sn | for (a)-(d) N = 0, 1, 2, and ≥3. Grazing passes are excluded, and if a pass contains more than one episode, only the first episode outbound and the last episode inbound are included. Mean values are indicated by the vertical arrows, and the number of episodes (or in the case of N = 0, the number of passes) contributing to each histogram is given at top right.
normal direction from equation (22). The displacement of the spacecraft normal to the boundary can then be determined from the spacecraft displacement vector DR between the first and last crossings as z L = DR ·n, while from the spacecraft velocity vector v S we determine v Sn = v S ·n (positive outbound and negative inbound). The values of z L and v Sn so determined are those given in Table 2 .
[44] Results are shown in Figures 9-11 . Grazing passes are excluded from this analysis, and, in Figures 10 and 11 , if a pass contains more than one episode, then for definiteness only the first episode outbound and the last episode inbound are included. The latter restriction is necessary if we are to make a comparison of the relative occurrence of N = 0 and N = 1 episodes since, by definition, there can be no more than one N = 0 episode during a pass, but it is possible for there to be more than one N = 1 episode, a fact that would introduce a bias toward N = 1 episodes if multiple cases on a pass were included.
[45] In Figure 9 we show histograms of the number of observed oscillation episodes versus the spacecraft displacement normal to the boundary, z L , estimated as above, in 1 R S bins, shown separately in Figures 9a-9c for N = 1, 2, and ≥3 oscillation episodes. The mean values of z L are indicated by the vertical arrows, having values of 1.8, 3.7, and 4.9 R S for N = 1, 2, and ≥3, respectively, the distributions being very broad in the last two cases. Overall, these values suggest oscillation amplitudes of a few R S , increasing with increasing numbers of oscillations observed.
[46] In Figure 10 we similarly show histograms of numbers of episodes (or, in the case of N = 0, numbers of passes) versus |v Sn | in 1 km s −1 bins, again separately for N = 0, 1, 2, and ≥3. The mean values are again shown by the vertical arrows, at 3.0, 3.4, 3.2, and 2.0 km s −1 , respectively. The last of these values suggests that large N is also related to lower boundary normal speed, as expected. The latter point is examined in an alternative way in Figure 11 , where we instead show the numbers of episodes versus N for N = 0, 1, 2, and ≥3, for separate ranges of |v Sn | in 1 km s −1 bands. It can be seen that large-N cases (≥3) are a significant component of the overall distributions for |v Sn | in the ranges 0-1 and 1-2 km s −1 , while the distributions become completely dominated by roughly equal numbers of N = 0 and N = 1 cases for larger |v Sn |, particularly above |v Sn | ∼ 3 km s −1 . Since normal speeds are typically ∼2 km s −1 and above as can be seen in Table 2 , the overall distribution of N shown in Figure 5 (for passes rather than episodes) is also dominated by N = 0 and 1 cases.
[47] We now examine these results in more detail in relation to the above discussion of the boundary oscillation amplitude. Consider first the N = 1 cases in Figures 9a Figure 11 . Histograms of the number of observed oscillation episodes versus the number of oscillations belonging to each episode N shown separately for the ranges (in km s −1 ) of spacecraft speed normal to the magnetopause boundary |v Sn | indicated at top right. Grazing passes are excluded, and if a pass contains more than one episode, only the first episode outbound and the last episode inbound are included. The number of episodes contributing to each histogram is also given at top right. As in Figure 10 , N = 0 episodes are passes during which no oscillations were observed. and 10b, which indicate a mean observed width of the oscillation layer of z L = 1.8 R S and a mean spacecraft speed normal to the boundary of 3.4 km s −1 . To apply equations (17) and (18) to these values to estimate the oscillation amplitude, we need first to estimate a normalized speed v′ S . We note from Figure 2a , however, that N = 1 oscillations can occur over a wide range of relative normalized speeds, 0.2172 ≤ v′ S < 1. However, the above results imply that typical values correspond to those for which N = 0 and N = 1 passes occur with roughly equal frequency, which suggests from Figure 2a that v′ S ∼ 0.3 is reasonable. At this value we then find k A ∼ 1.4 from Figure 2d , such that equation (17) yields for the mean layer width of 1.8 R S an estimate of the oscillation amplitude of 1.3 R S . Using the same value of v S ′ in equation (18) together with t B ≈ 10.8 h and a mean normal speed of 3.4 km s −1 yields an estimated boundary velocity amplitude of |v Sn |/v′ S ∼ 11 km s −1 and a displacement amplitude of z B0 ∼ 1.2 R S , which is thus in good accord with the previous estimate.
[48] We similarly consider the results for the N = 2 boundary crossings in Figures 9b and 10c . In this case Figure 2a strongly indicates that the choice v′ S ≈ v 2 ′ ≈ 0.128 is appropriate, such that a mean z L value of 3.7 R S together with k A ∼ 1.4 from Figure 2d and Table 1 and a displacement amplitude of z B0 ∼ 2.6 R S . Again, the two values are in good agreement. These results suggest that the modest number of N = 2 passes in our data set occur under similar orbital conditions to the more usual N = 0 and 1 boundary passes (with comparable mean normal spacecraft speeds) but correspond to larger boundary oscillation amplitudes in these cases by a factor of ∼2.
[49] We now consider the results for the N ≥ 3 passes together, as shown in Figures 9c and 10d . The results in Figure 2a again suggest that a value of v′ S corresponding to the maximum probability of a given N is the most appropriate, and in view of the overall results shown in Figure 5 , we choose v 4 ′ for definiteness, corresponding to v N ′ ≈ 0.0709. With a mean z L value of 4.9 R S (although with a very large spread indeed) and k A ∼ 1.65 from Figure 2d and Table 1 , we then estimate from equation (17) z B0 ∼ 3.0 R S . Similarly, with a mean normal velocity of 2.0 km s −1 we estimate from equation (18) a velocity amplitude of ∼28 km s −1 and a displacement amplitude of z B0 ∼ 2.9 R S . These two values are again in good agreement, especially given the breadth of the z L distribution. The results suggest that these cases correspond to the larger amplitude conditions inferred from the N = 2 data but observed on orbits with smaller speeds normal to the boundary.
[50] We finally comment specifically on the four N ≥ 3 episodes evident in Figure 9c which exhibit very large spacecraft displacements within the oscillation layer, with z L exceeding 6 R S , thus apparently implying very large oscillation amplitudes in these cases. As discussed above, extended intervals spent within the oscillation layer could result from solar wind-induced motions of the boundary that partially match the spacecraft motion, thus leading to overestimates of the oscillation amplitude (given by equation (20)). Such boundary motions would have to persist over manyhour intervals during these high-N episodes, however, for this effect to be a major factor in these cases, which may seem unlikely. Indeed, two of these cases correspond to Rev 44 outbound with N = 10 and z L = 7.3 R S (although noting the scattered phase of the last three of these oscillations) and Rev 45 inbound with N = 4 and z L = 9.2 R S , which are shown as examples in Figure 4b . In these cases, therefore, we would require on the same apoapsis pass outward motion of the boundary matching the spacecraft motion for ∼2 days outbound, followed by inward motion of the boundary matching the spacecraft motion for ∼2 days inbound, which seems very unlikely. Rather, it seems more reasonable to suggest that the boundary oscillation amplitude was indeed very large during this interval, with an amplitude at modest northern latitudes in the midafternoon sector (Table 2) of ∼4-5 R S , compared with a mean boundary radius of ∼30 R S . We note that the other large-amplitude examples, Rev 46 inbound with N = 4 and z L = 6.7 R S and Rev 47 outbound with N = 4 and z L = 7.4 R S , also occurred in the same epoch at a similar location, although other adjacent passes in the same region show no evidence for this effect (Table 2 ).
Summary and Discussion
[51] In this paper we have made a first systematic study of the oscillations of Saturn's magnetopause that are related to the internal field and plasma oscillations near the magnetospheric period (∼10.8 h), following earlier case studies of Pioneer 11 data by Espinosa and Dougherty [2001] and Espinosa et al. [2003a] and Cassini data by Clarke et al. [2006] . We have used magnetic field and plasma electron data from ∼40 Cassini orbits that crossed the magnetopause, which occurred during the interval from SOI in July 2004 to Rev 55 inbound at the end of 2007. While occasional intervals of multiple boundary crossings separated near the magnetospheric period provide convincing evidence for such boundary oscillations, more frequently only one or two reentries occur, with a broad range of intervals between like crossings of the boundary that can be due both to the finite speed of the spacecraft through the boundary region (section 2.3) and the effect of other physical processes that also modulate the boundary position. Here, therefore, we selected reentries for analysis within a broad timing window, between 0.4 and 1.6 of the magnetospheric period, and verified that these events are indeed associated with boundary oscillations at the magnetospheric period by showing that their phase is well organized by the phase of the internal magnetic field oscillations within the core region of the magnetosphere [Provan et al., 2009a] . Such phase organization requires that the two oscillatory phenomena must have a common synodic period within ∼0.05% over the ∼3.5 years of the study.
[52] Further analysis of the magnetospheric period boundary oscillations selected by these means then yields the following main results.
[53] 1. Magnetopause boundary oscillations near the magnetospheric period are commonly observed on Cassini passes that cross the boundary region, with ∼60% of such passes showing one or more such oscillation. Of those that do show oscillations, ∼65% show one oscillation only, while ∼10% show two oscillations and ∼25% show three or more.
[54] 2. Magnetopause oscillations are observed at all LTs in which magnetopause crossings occurred on the Cassini orbit, from ∼0350 h LT in the predawn sector, through noon, to ∼1700 h LT near dusk, and at KSM latitudes in the range ±40°(though most passes were at low latitudes within ±20°).
[55] 3. Estimates based on the spacecraft displacement perpendicular to the magnetopause while located in the oscillation region and on the spacecraft speed normal to the boundary in relation to the number of oscillations observed suggest a typical oscillation amplitude of ∼1.2 R S with a velocity amplitude of ∼11 km s −1 . Such an oscillation yields approximately equal numbers of passes with zero and one observed oscillation at typical spacecraft normal speeds of ∼3.4 km s −1 . These values are comparable to estimates made by Clarke et al. [2006] . Similar estimates for the smaller number of episodes with two observed oscillations suggest amplitudes of about twice this with similar normal velocities, while observations of episodes of three or more oscillations suggest similar amplitudes of ∼3 R S combined with smaller spacecraft normal velocities of ∼2 km s −1 (roughly half the typical value). Evidence has also been presented suggesting the occasional occurrence of extreme amplitudes of ∼4-5 R S , all of which were observed in the postnoon sector.
[56] 4. With respect to the magnetic field oscillations within the quasi-dipolar core magnetosphere, the distribution of outward boundary displacement maxima is peaked at a field oscillation phase of ∼160°. This result shows that maximum outward boundary excursions typically lag maxima in B r and B in the core at the same LT by ∼160°and hence maxima in B ' by ∼70°. The quasi-uniform core field in the equatorial plane formed by the B r and B ' field components is thus typically rotated ∼160°anticlockwise (as viewed from the north) from the instantaneous position of outward boundary maxima, thus pointing approximately away from the latter.
[57] 5. The oscillation phase is also found to vary with radial distance to the boundary, and hence also with LT, moving to somewhat smaller phases for smaller radial distances (near-noon sector) and to larger phases for larger radial distances (flanks). This suggests an effect associated with outward radial propagation of the pressure disturbance leading to boundary motion, the radial phase dependence indicating an outward phase speed of ∼270 ± 80 km s −1 . Using a revised phase model incorporating a constant outward phase speed of 210 km s −1 based on analysis of B field oscillations inside the boundary yields an essentially constant phase for boundary displacement maxima, independent of radial distance, of ∼100°(with 89% of data falling within the 180°phase range 30°-210°), where 0°corresponds to B maxima. Thus maximum outward boundary excursions typically occur ∼100°after B maxima in the outer magnetosphere, or equivalently ∼80°ahead of B minima.
[58] A sketch summarizing these phase relationships and their relation to other oscillatory phenomena discussed in section 1 is shown in Figure 12 . This shows the equatorial magnetosphere viewed from the north with the direction to the Sun (X) at the top and dusk (Y) to the left. We show the system at one particular phase of the rotation determined by the value of F M (see equations (9b) and (12)), which for definiteness has been chosen to be F M = 210°, corresponding to the phase at which the emitted power of SKR emissions is a maximum [Andrews et al., 2008; Provan et al., 2009a] . The phase fronts of given core magnetic phase Y Mc (equation (9b)) at this instant are shown by the radial black lines marked with phase values at 90°intervals, with Y Mc = 0°l ocated at 0200 h LT in the postmidnight sector, increasing clockwise around the diagram. Within the quasi-dipolar core region, whose outer boundary is indicated by the black dashed circle at ∼15 R S , instantaneous maxima of the B r and B field components then occur at Y Mc = 0°at 0200 h LT and minima at 180°at 1400 h LT according to the Provan et al.
[2009a] phase model (equation (9a)), while maxima of B ' occur at Y Mc = 90°at 2000 h LT and minima at 270°at 0800 h LT. The equatorial B r and B ' field components then combine to form a quasi-uniform field in the equatorial plane within the core shown by the thick black arrows, that is directed (at SKR power maxima) tailward and dawnward, as indicated in section 1. With increasing time this pattern rotates anticlockwise with the (near-planetary) magnetospheric period given by equation (13), giving rise to the observed oscillating fields.
[59] The relationship to the longitudinal plasma asymmetries reported by Gurnett et al. [2007] and Burch et al. [2009] is shown by the green and pale blue regions, respectively, in Figure 12 . Specifically, the plasma density asymmetry observed by Gurnett et al. [2007] within the inner part of the Enceladus torus, between ∼3 and ∼6 R S , is shown schematically by the green shaded region within the inner core, where dark green indicates enhanced density. The maximum plasma density in the torus occurs at Y Mc = 80°, at the middle of the dark green segment, located at ∼2100 h LT in the postdusk sector at the instant depicted, with the minimum density at 260°in the postdawn sector. express the phase of the density maximum as occurring at l SKR ≈ 330°in the SKR-based longitude system they employ, which is related to the magnetic phase employed here by Y Mc ≈ l SKR − 250° [Andrews et al., 2008; Provan et al., 2009a] , thus giving Y Mc ≈ 80°.) The rotating plasma density perturbations in the torus are thus very nearly in phase with the B ' field oscillations within the core as indicated by Gurnett et al. [2007] and in lagging quadrature with B r and B . The longitudinal plasma asymmetry reported by Burch et al. [2009] is similarly indicated by the pale blue area in Figure 12 . The distribution extends asymmetrically outward to distances of ∼20 R S in the range Y Mc ≈ 35°-160°( l SKR ≈ 285°-50°), thus centered on Y Mc ≈ 95°in the postdusk sector at the instant depicted, similar to the phase of the maximum in the inner torus density.
[60] The red dashed spirals in Figure 12 show lines of constant phase Y given by equation (16), where we note that Y becomes equal to Y Mc at a radial distance of ∼12.1 R S in the outer core region (where the empirically determined value of function y * in equation (16) is zero, as shown in Figure 8a ). Specifically we show the instantaneous spirals corresponding to Y = 10°, 100°, 190°, and 280°, which also rotate with time similarly to the above. According to the results shown in Figure 8 , maximum outward displacements of the magnetopause occur where the instantaneous spiral for Y ≈ 100°intersects the boundary, with the maximum inward displacement occurring at 280°and zero displacements in between at Y ≈ 10°and 190°. These results are reflected in the magnetopause positions shown in the outer part of Figure 12 , where the blue dot-dashed line shows the mean model of Arridge et al. [2006] , specifically for a typical solar wind dynamic pressure of 0.03 nPa, while the blue solid line shows the displaced boundary. The latter is thus maximally displaced outward at ∼1600 h LT where the Y ≈ 100°spiral intersects the boundary, has zero displacement at ∼1100 h LT where the Y ≈ 190°spiral intersects the boundary, and is displaced inward at earlier LTs in the dawn sector.
[61] As discussed previously by Clarke et al. [2006] , these boundary motions must reflect changes in the total field plus plasma pressure in the outer magnetosphere which cause the magnetopause to move outward or inward to match the (in principle) constant dynamic pressure exerted on the magnetosphere by the solar wind. In this case the Y ≈ 100°s piral must correspond to a maximum in the total pressure in the outer magnetosphere, as marked in Figure 12 , and the Y ≈ 280°spiral to a minimum in the total pressure. Thus we note that, as depicted in Figure 12 , SKR power maxima occur when the high-pressure phase is in the predusk sector in the outer magnetosphere and the low-pressure phase in the predawn sector. While determination of the physical origin of this relation remains for future work, we note correspondingly that the high-pressure sector relates approximately to the sector containing the plasma bulge in the outer magnetosphere reported by Burch et al. [2009] . Furthermore, if we follow the high-pressure phase front into the inner core region, it maps closely to the density maximum in the Enceladus torus, as can be seen from the corresponding spiral in Figure 12 . Specifically, at the radius of Enceladus at a distance of ∼4 R S , Y ≈ 100°corresponds to Y Mc ≈ 81°a ccording to equation (16) The magnetopause shown by the blue solid line is then maximally displaced outward from the mean position in the predusk sector where the 100°spiral intersects the boundary, with zero displacements where the 10°a nd 190°spirals intersect the boundary, and with maximum inward displacement at 280°. Thus Y ≈ 100°c orresponds to a maximum in total pressure in the outer magnetosphere as marked, while Y ≈ 280°c orresponds to a minimum in total pressure.
radial phase propagation of these phenomena within the magnetosphere, the high-pressure region in the outer magnetosphere which causes outward excursions of the magnetopause is directly connected not only with the plasma bulge in the outer magnetosphere, but also with the highdensity region of the Enceladus torus. Further studies of combined magnetic field and plasma data are required to further elucidate the physical origins of these phenomena.
Appendix A [62] In this appendix we provide further discussion of the simple theoretical model in which an observer (spacecraft) moves uniformly through a plane oscillating boundary, as described by normalized equations (3) and (4). This leads to the derivation of the condition for the critical velocities v N ′ given by equation (5) and for the probability of N + 1 passes between v N+1 ′ and v N ′ given by equation (6).
[63] We begin with further discussion of Figure 1 , in which Figure 1a shows the situation for v′ S = 0.4, lying between v 1 ′ ≈ 0.2127 and v 0 ′ = 1. Five spacecraft trajectories are shown, labeled A-E, that pass through z′ = 0 during the interval of the central boundary oscillation indicated by the solid black line. Equivalent trajectories (not shown) then occur periodically in time during preceding and succeeding boundary oscillations shown by the black dotted lines on either side. Trajectories between A and B, and between D and E, pass through the boundary only once, and so do not detect an oscillation, thus corresponding to an N = 0 pass. However, trajectories between B and D, centered on trajectory C, pass through the boundary three times, hence observing one oscillation corresponding to an N = 1 pass. Limiting trajectories B and D shown by the red dashed lines in Figure 1a are tangent to the boundary oscillation curve at points T and T′, respectively. They, and their equivalents in other periods, divide the trajectories into separate temporal corridors of N = 0 and N = 1 passes. The N = 0 corridors are centered on those trajectories that pass through z′ = 0 at the same time as the boundary surface with the latter moving in the opposite direction to the spacecraft, while the N = 1 corridors are centered on trajectories that similarly pass through z′ = 0 at the same time as the boundary surface with the latter moving in the same direction as the spacecraft. The probability of observing N = 0 or N = 1 passes for this v′ S is then determined from the relative temporal widths of these corridors, assuming that all phases are equally probable.
[64] We now consider how this diagram changes as v′ S decreases, so that the dashed trajectory lines become less steeply inclined to the horizontal. It is seen from Figure 1a that in this case the N = 1 corridor becomes wider and the N = 0 corridor narrower, such that N = 1 passes become increasingly probable and N = 0 passes decreasingly probable as v′ S decreases. A critical condition is reached when tangent trajectory B passes through z′ = 0 at time t′ = −0.5, and simultaneously tangent trajectory D passes through z′ = 0 at t′ = 0.5, such that trajectories A and B, and D and E, then in effect coalesce. This condition occurs at v′ S = v 1 ′ ≈ 0.2172 as will be quantified below, and is shown in Figure 1b . In this situation N = 0 trajectories disappear, and all trajectories pass through the boundary just three times corresponding to N = 1 passes, the probability for which is then unity.
[65] As v′ S declines further, corridors of N = 2 passes then appear, as shown for v′ S = 0.17 in Figure 1c . In this diagram the N = 2 corridor occurs between the blue dashed lines B and D′ that are tangent to the oscillating boundary curve at T and T′, respectively. Between these lines, for example, on trajectory C′, the trajectories cross the boundary five times, corresponding to two observed oscillations, while outside this corridor between trajectories A′ and B, and D′ and E′, N = 1 passes with three boundary crossings continue to occur. The relative probability of N = 1 and N = 2 passes is again given by the relative widths of these corridors over one oscillation of the boundary, with the N = 1 corridor again being centered on trajectories such as A′ and E′ that pass through z′ = 0 at the same time as the boundary traveling in the same direction, while the N = 2 corridor is centered on trajectories such as C′ that pass through z′ = 0 at the same time as the boundary traveling in the opposite direction. With further decrease of v′ S , a second critical velocity is then reached at v′ S = v 2 ′ ≈ 0.1284, when tangent trajectory B passes through z′ = 0 at t′ = −1, and simultaneously trajectory D′ passes through z′ = 0 at t′ = 0, such that trajectory B in Figure 1c coalesces with A′, and D′ coalesces with E′. In this case, depicted in Figure 1d , all trajectories pass through the boundary just five times, corresponding to N = 2 passes with a probability of unity. Equivalent effects then continue to unfold as v′ S decreases further, leading to the overall conclusions summarized in section 2.2.
[66] To determine the values of the critical velocities we now focus on the lines marked B in Figure 1 that are tangent to the boundary curve at the points marked T. The tangent condition v′ S = cos(2pt′ T ) readily yields the position of the tangent point as 
where in the expression for t T ′ we specifically focus on the value of the inverse cosine function between 0 and p/2 (for v′ S positive). At critical velocity v N ′ this line also passes through z′ = 0 at times t′ = −N/2 (e.g., Figure 1b for N = 1 and Figure 1d for N = 2). Thus on these trajectories the spacecraft moves distance z T ′ in time (N/2 + t T ′ ) at a speed corresponding to v N ′ , that is, we have the condition v N ′ = z T ′ /(N/2 + t T ′ ). Substituting from equation (A1) and rearranging, we thus have the condition
which is equation (5) in section 2.2. Numerical solution then yields the values shown in Table 1 . A close approximation for large N can be obtained by noting that in this limit t T ′ ≈ 1/4 and z T ′ ≈ 1/2p, which gives the result
[67] with the second approximation being adequate for N reasonably large.
[68] Related considerations also yield expressions for the probability of observing N + 1 and N oscillations when v′ S lies between v N+1 ′ and v N ′ . We again consider the trajectory that is tangent to the boundary curve between 0 ≤ t′ ≤ 0.25, corresponding to the trajectories labeled B in Figure 1 . At critical velocity v N ′ this passes through z′ = 0 at t′ = −N/2 as just indicated. For a somewhat smaller speed (but larger than v N+1 ′ ) it passes through z′ = 0 at a somewhat earlier time that we denote as t′ = −(N/2 + Dt′) such that v′ S = z T ′ /(t T ′ + N/2 + Dt′), where the tangent positions z T ′ and t T ′ are given by equation (A1). Rearranging, we thus obtain Dt′ = (z T ′ /v′ S ) − N/2 − t T ′ . The displacement Dt′ then defines the width of the corridor of N + 1 passes, given by P N+1 = 2Dt′ (see, e.g., Figure 1c ). Substitution of equation (A1) into the expression for Dt′ then yields
which is equation (6) in section 2.2. Since we must have P N+1 + P N = 1, we also have
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